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THE FUNCTION OF THE CEREBELLUM has historically been considered to be confined to motor control (e.g., Roostaei et al. 2014 ), but it also can be activated by sensory tasks, particularly those requiring sensory discrimination (Baumann et al. 2015; Gao et al. 1996) . Recent work, for example, has demonstrated cerebellar contributions to visual (Handel et al. 2009 ), auditory (Parsons et al. 2009 ), and tactile (Tinazzi et al. 2013 ) sensory perception. Complex percepts of self-motion and orientation also rely in part on the cerebellum (Rondi-Reig et al. 2014) , and these depend on multiple sensory inputs, most prominently those from the visual and vestibular systems. The visual system senses the position and motion of the visual scene relative to the retina, whereas the vestibular system senses angular and linear head motion and head orientation relative to gravity. Visual motion perception is clearly influenced by the cerebellum, because patients with cerebellar dysfunction have impaired ability to perceive the direction of visual motion patterns embedded in a noisy background (Cattaneo et al. 2014; Handel et al. 2009 ). In contrast, little is known about the role of the cerebellum in the perception of head motion and orientation.
Numerous studies have examined cerebellar processing of the vestibular inputs that underlie the vestibulo-ocular reflex (VOR; reviewed in Voogd et al. 2012) , and more recently, thalamic neurons that carry vestibular signals generated in the cerebellum have been described (Meng et al. 2007) . It is therefore logical to presume that the cerebellum affects the perception of head motion and orientation. Indeed, several recent studies have suggested that patients with cerebellar degeneration perceive head motion abnormally, since their percepts of rotation decayed faster than those of control subjects following constant-velocity, passive rotation in the dark (Bertolini et al. 2012; Bronstein et al. 2008) . These studies, however, share a number of significant limitations. The regions of cerebellar dysfunction were not well defined and were described only qualitatively, making it difficult to correlate the perceptual and cerebellar deficits. Furthermore, these patients had normal cerebellar function for much of their lives, so central vestibular mechanisms that are controlled by the cerebellum but located elsewhere in the brain (e.g., the brain stem, where the floccular target neurons and velocity storage integrator are located; Katz et al. 1991; Ramachandran and Lisberger 2008) could be accurately calibrated before the onset of cerebellar degeneration. In addition, the motion stimuli in these studies were limited to yaw rotation, which only activates the lateral canals, so nothing is known about self-motion perception when the vestibular cues are provided by the otolith organs (e.g., during translation) or when the canals and otolith organs are activated concurrently (e.g., during head rotation about an off-vertical axis).
In this study, we measured perceptual thresholds for passive head motion in two patients with a very rare anomaly, congenital agenesis of the cerebellum (Chheda et al. 2002; Schmahmann et al. 2007) . Because the threshold (by definition) is the smallest motion the brain can segregate from the noise inherent in peripheral and central vestibular processing, its measurement allows an assessment of the cerebellum's contribution to the discrimination of vestibular cues within a noisy neural environment (Grabherr et al. 2008; Valko et al. 2012) . Furthermore, all cerebellar function was absent throughout the lives of the cerebellar agenesis subjects, allowing us to more defini-tively assess the cerebellum's role in the perception of head motion. We also extended prior studies that only used yaw-axis velocity steps by employing four motion paradigms (rotation, translations, and tilt) to activate different vestibular end organs in isolation or combination at three separate frequencies. Our results demonstrate that passive, self-motion perceptual thresholds were higher than normal in the cerebellar agenesis subjects for all motion profiles but were particularly elevated for translational motions that activated the otolith organs in isolation. These findings can be interpreted in the framework of inverse internal models of the labyrinthine end organs in the cerebellum that compensate for the mechanical deficiencies of these peripheral sensors and allow the brain to establish a more accurate estimate of head motion than is encoded in primary vestibular afferents.
MATERIALS AND METHODS
All methods were approved by the Institutional Review Board, and informed consent was obtained from each subject. Agenesis patient 1 (AG1) was 61 yr old, and agenesis patient 2 (AG2) was 30 yr old.
MRI images (Fig. 1) show complete absence of the cerebellum in both subjects, except for a tiny residual nubbin superiorly, a finding documented also in previous reports of cerebellar agenesis (Rubinstein and Freeman 1940; Sener and Jinkins 1993; Velioglu et al. 1998) . The anomaly includes hypoplasia of the basis pontis, reflecting absence of the pontine nuclei and of the middle cerebellar peduncles. The older subject (AG1) had age-appropriate mild decrease in cerebral volume. All brain structures were otherwise normal. Their medical histories were benign, and they had no other neurological or otological problems. Their physical examinations showed essentially normal gait, minimal appendicular ataxia with fine discriminative tests of motor function, and dysarthria that was mild in AG1 and moderate in AG2. Both had prominent cerebellar eye movement findings of impaired pursuit, fixation suppression of the vestibulo-ocular reflex (VOR), gaze holding, and saccadic accuracy (Lewis and Zee 1993) . The VOR assessed with head thrusts was compensatory in amplitude and direction. Audiograms were unavailable, but both subjects reported that hearing was normal, auditory symptoms were absent, and detailed office neurological examination revealed no evidence of hearing impairment.
Head motion perceptual thresholds were measured using the methods previously employed in our laboratory (Grabherr et al. 2008; Valko et al. 2012) . We used passive head motions (e.g., generated by en bloc movement of the head and body on a motor-driven motion platform) so that our analysis could focus specifically on cerebellar processing of sensory signals rather than the more complex interaction between sensory and motor signals that occurs during active, selfgenerated head movements (reviewed in Cullen et al. 2011) . Subjects were seated upright in a chair mounted on a Moog motion platform, their bodies were restrained with a harness and stabilized in the chair with foam, the head was immobilized with a helmet, visual cues were eliminated since the room was dark and light-proof, and auditory cues were minimized with noise-cancelling headphones that provided a white noise background. Movements consisted of single-cycle sinusoidal accelerations performed at one of three frequencies, 0.5, 1.0, and 2.0 Hz, which generated bell-shaped velocity profiles ( Fig. 2A) . Motions ( Fig. 2B) included yaw rotation or Z-axis (superior-inferior) translation using earth-vertical axes, and Y-axis (interaural) translation or roll tilt using earth-horizontal axes. Each motion/frequency was presented in a block of trials before the switch to a different movement, and the testing protocol followed the order used to collect our normative control data (Valko et al. 2012) . Perceptual thresholds were determined using an adaptive forced-choice, "three-down one-up" paradigm (Leek 2001 ). An auditory tone was presented before and after each movement, and the subject pushed a button in the right hand if they perceived the motion as rightward (or upward) or in the left hand if it was perceived as leftward (or downward). They were required to guess if they were unsure of the correct response. The direction of motion was chosen randomly for each trial, and no information was provided or available about the accuracy of the subject's response. Results from the two agenesis subjects were compared with normative data previously obtained using identical methods from a population whose mean age was 36 yr (Valko et al. 2012) . Because perceptual thresholds in healthy control subjects have a log-normal distribution, all threshold data were analyzed and plotted in logarithmic units. The VOR amplitude (gain), timing (phase), and symmetry (bias) were measured during sinusoidal yaw rotation about an earth-vertical axis at 0.5 and 1.0 Hz using standard video-based eye movement recordings and analysis (Wall 1990 ). Figure 3 illustrates the perceptual thresholds measured in the two agenesis patients (gray icons) for the four motion paradigms and compares them with normative data (black icons). Thresholds in agenesis patients were uniformly higher than normal, although both agenesis and healthy control subjects displayed a similar dependence of threshold on the motion's axis and frequency. Comparing the two agenesis subjects, thresholds were higher in AG1 for 8 of 12 motions and in AG2 for 4 of 12 motions. The only consistent difference between the agenesis subjects was for Y translation, since AG1 had higher thresholds for each of the three frequencies.
RESULTS
Three principal findings are evident in these results ( Fig. 3 ): 1) thresholds were increased in the agenesis patients compared with healthy controls (ANOVA, P Ͻ 0.001); 2) thresholds in the agenesis subjects were higher (relative to healthy control subjects) for the two motions that activated otolith organs in isolation (Z and Y translation) compared with motions that activated the canals (yaw rotation, roll tilt; ANOVA, P Ͻ 0.001); and 3) among the six translation conditions, Z (updown) translation at the lowest frequency (0.5 Hz) had the highest average threshold in both the healthy control (t-test, P Ͻ 0.001) and agenesis subjects (t-test, P Ͻ 0.01). Figure 4A summarizes the overall pattern of the results, showing the mean threshold for the agenesis patients for each motion axis, averaged across subjects and frequencies, and normalized by dividing the agenesis subject thresholds by the mean normal threshold for the appropriate motion (axis and frequency). In addition to recapitulating the observations that thresholds in the agenesis subjects were higher than normal for all motions and were higher for the two linear motions (Z and Y translation) compared with the two rotational motions (yaw and roll), Fig.  4A also shows that, when averaged across frequencies and subjects, Y-translation thresholds were increased the most in the agenesis patients compared with the normal control subjects (ANOVA, P Ͻ 0.001). Thresholds did differ between AG1 and AG2 for this motion profile, however, with AG1's thresholds higher at all three of the tested frequencies. VOR responses for yaw rotation are summarized in Fig. 4B and were characterized by reduced gains, elevated phase leads, and enlarged biases compared with normative data (dashed lines).
DISCUSSION
Our principal finding is that perceptual thresholds for passive head movements are increased in cerebellar agenesis patients relative to healthy control subjects. Before concluding that the cerebellum contributes to the perception of selfmotion, however, we must consider other possible explanations.
Potential explanations for elevated thresholds in cerebellar agenesis. Abnormalities in the (noncerebellar) vestibular system could potentially be responsible for increased thresholds in the agenesis subjects, but this is an unlikely explanation for our findings. Pathological studies of congenital cerebellar agenesis have not shown vestibular abnormalities (Velioglu et al. 1998) ; the peripheral and central vestibular systems appeared normal on MRI for our subjects, so structural, developmental defects in the labyrinth or vestibular nerve were absent; and VOR responses were consistent with absent cerebellar function (Lewis and Zee 1993) but inconsistent with the severe vestibular hypofunction that would be required to produce the large threshold increases we observed (Hess et al. 1985; Valko et al. 2012) . Indeed, perceptual thresholds were higher in agenesis subjects for several motions than were previously observed in patients with completely absent vestibular function (Valko et al. 2012) . Overall, although we cannot exclude the possibility Fig. 3 . Perceptual thresholds for the 2 agenesis subjects (AG1 and AG2, gray symbols) and the means and SE for thresholds measured in a healthy control group (NL; n ϭ 11; black symbols). Four motion profiles were utilized, each at 3 frequencies, and thresholds are reported in°/s for yaw rotation (about a superior-inferior, earth-vertical axis) and roll tilt (about a naso-occipital, earth-horizontal axis) and in cm/s for Z (superior-inferior, earthvertical axis) and Y translation (interaural, earth-horizontal axis). Symbols are separated horizontally for clarity, and some error bars for normal data are smaller than the icons and therefore not visible.
that impaired peripheral vestibular function contributed to our findings, it is very improbable that this was the sole cause of the increase in thresholds observed in the agenesis patients.
Hair cells die in the labyrinth during aging, and one agenesis subject (AG1) was substantially older than our normal control population. The effects of age on vestibular perceptual thresholds are unclear, since several studies found no age effects for yaw rotation (e.g., Chang et al. 2014 ) but possible effects for translational movements (Kingma 2005; Roditi and Crane 2012) . Although agerelated changes could contribute to the threshold elevation in the older AG1 relative to the younger AG2 for Y-axis translation (see below), it is notable that no similar pattern was evident for the other nine motions (3 axes ϫ 3 frequencies), with higher threshold values almost equally distributed between the two agenesis subjects. Furthermore, AG2 was similar in age to the control population, but his thresholds were higher than normal for all 12 motions. Together, these observations indicate that the increased thresholds in the agenesis subjects cannot be explained by age effects.
Thresholds could also be increased because the cerebellum contributes to the decision-making process employed in the threshold paradigm. The cerebellum plays a role in decisionmaking (Rosenbloom et al. 2012; Schmahmann and Sherman 1998) , but since threshold differences between agenesis and healthy control subjects were highly dependent on motion characteristics, interactions between the motion signals and the cerebellum appeared to have a prominent influence on perceptual thresholds beyond any effects that may reflect impaired decision-making.
Cerebellar mechanisms that could improve self-motion perception. It is reasonable to conclude from our data set that the cerebellum contributes to the perception of head motion when the head and body are moved passively, particularly when the motion is translational rather than rotational. Because prior studies indicated that sensory signals provided by the vestibular labyrinth dominate head motion perception when visual signals are unavailable (Valko et al. 2012) , we focus the interpretation of the agenesis results on labyrinthine rather than extralabyrinthine (e.g., somatosensory) motion cues, although certainly both vestibular and nonvestibular signals would be expected to contribute to the integrative processes used to determine the direction of head motion.
The increase in thresholds for all motion profiles in the agenesis subjects indicates that the cerebellum helps the brain extract the motion signal from the noise in the neural environment (since by definition the threshold is the smallest signal that can be segregated from the noise). These findings are consistent with prior studies of self-motion perception in patients with cerebellar degeneration (Bertolini et al. 2012; Bronstein et al. 2008) , since a reduction in the relative signal-tonoise ratio that underlies the threshold elevation is predicted to shorten the time constant of the velocity storage integrator (Karmali and Merfeld 2012; MacNeilage et al. 2008 ). This would cause percepts of yaw rotation to decay more rapidly in cerebellar subjects relative to normal controls when they rotated in yaw at a constant velocity, as was previously observed.
Our results do not indicate what mechanism underlies the contribution of the cerebellum to the perception of self-motion. One simplifying feature is that by examining passive head motion, we can focus exclusively on central processing of sensory cues, primarily those provided by the vestibular labyrinth. In this sense, our results are similar to studies that showed cerebellar contributions to visual (e.g., Cattaneo et al. 2014 ) and auditory perception (Parsons et al. 2009 ). In contrast, active head movements are more complex, because they are associated with a motor command (efference copy) that could be used to predict the head motion and the associated labyrinthine afferent signal (via forward internal models of head/neck mechanical properties and labyrinthine dynamics). A variety of cerebellum-dependent mechanisms have been proposed that utilize the predicted/anticipated motion associated with active movements or predictions based on the pattern of sensory stimuli (see Shadmehr et al. 2010 A: means and SE of the normalized perceptual thresholds measured in the agenesis subjects, compared with the mean thresholds in the healthy control population for each motion axis and frequency. Each symbol represents the average of 6 normalized threshold measurements, namely, each of the 2 agenesis thresholds divided by the normal mean for each of the 3 frequencies. B: gain, phase, and bias of the vestibulo-ocular reflex for the 2 agenesis subjects at 0.5 and 1.0 Hz, compared with the normal range for these values (dashed lines indicate the range between Ϯ2 SD about the normal mean; Wall 1990).
sive motions with the direction randomized, there was no relevant motor command and prediction of motion direction should be impossible. Furthermore, no feedback was available about the accuracy of the response, so no error information could be accessed. Assuming that the agenesis subjects can correctly determine that passive head movement (e.g., motion that occurs without an associated motor command) is external in origin and not self-generated, then cerebellar mechanisms that rely on forward models to predict/anticipate movement are not relevant. Possible role of inverse models of the labyrinthine end organs. Because the cerebellum appears to be a locus of internal models that process oculomotor and vestibular information (Angelaki et al. 2004; Lisberger 2009) , it is reasonable to postulate that there may be a cerebellum-dependent inverse model of the labyrinthine sensors (e.g., a model that maps from sensor output to stimulus input) that uses the afferent signal to reconstruct an accurate internal estimate of head movement. During yaw-axis rotation, for example, the velocity storage integrator in the brain stem (which is controlled by the cerebellum; Waespe et al. 1985) generates an internal estimate of head angular velocity that more closely approximates the actual head motion than the signal encoding the movement in the afferent nerve. The cerebellum-controlled velocity storage network can be conceptualized as an inverse model of the semicircular canal dynamics (e.g., Laurens and Angelaki 2011; Zupan et al. 2002) that uses the afferent input to generate an estimate of head rotation, and this processing is dysfunctional if the cerebellum is damaged or absent (Wearne et al. 1998) . Inverse models of the other vestibular end organs, which may be located in or controlled by the cerebellum, could allow the brain to reconstruct more accurate estimates of head motion than are carried by the vestibular afferents by compensating for the mechanical limitations of the peripheral transducers.
Otolith-mediated thresholds exceed canal-mediated thresholds. Thresholds were substantially higher for motions that modulated otolith activity in isolation (Z and Y translation) compared with motions that modulate canal activity alone (yaw rotation) or canal and otolith activity (roll tilt, although the canal cues dominate perceptual thresholds for the frequencies we tested; Valko et al. 2012) . The reasons for this threshold difference are uncertain, but the results are consistent with the hypothesis that cerebellar processing of sensory signals is more important when the complexity of the afferent signal or the difficulty of the discrimination task increases (Baumann et al. 2014; Petacchi et al. 2011 ). More specifically, 1) the canal afferent signal is relatively simple (all afferents that innervate a given canal modulate their firing rate in the same direction during head rotation) compared with the complexity of the otolith input (afferents modulate their activity during head tilt or translation in a complex pattern that reflects the radial orientation of the hair cells in the otolithic maculae, including the reversal at the striola; Uchino and Kushir 2011) . 2) We are constantly exposed to gravity, a stimulus that activates the otolith organs, and these signals usually modulate at very low frequencies (e.g., when the head tilts). Because we spend much of the waking day with our heads upright, the saccules (which are aligned nearly parallel to gravity when the head is upright), as well as nonvestibular somatic sensors on the feet (standing) or the buttock and torso (sitting), chronically sense a nearly static 1-G force, so low-frequency accelerations aligned with gravity (e.g., along the Z-axis) may be particularly difficult to perceive correctly, since they generate small variations about a large (980 cm·s Ϫ1 ·s Ϫ1 ) baseline. Interestingly, thresholds for healthy control subjects were substantially higher on the 0.5-Hz Ztranslation paradigm than the other translational motions, and of the 12 motion patterns we utilized (4 axes ϫ 3 frequencies), agenesis patients had the highest thresholds relative to normal subjects for the 0.5-Hz Z-axis translation paradigm. Lowfrequency up-down translation is therefore particularly difficult to discern in healthy controls, and thresholds on this motion paradigm are also highly dependent on cerebellar processing.
3) The cerebellar nodulus and uvula are crucial for distinguishing head tilt from translation, the two motion patterns that modulate otolith activity (Laurens et al. 2013a (Laurens et al. , 2013b . Because modulation in otolith activity during Z-axis translation is unambiguous (since it can only signal upward or downward acceleration) but is ambiguous during Y-axis translation (since it can reflect either roll tilt or interaural translation), the absence of normal cerebellar processing could affect Y more than Z translation, as was observed at all frequencies except for 0.5 Hz. Interestingly, Y translation was the only motion pattern that produced a consistent threshold difference between the two agenesis subjects (AG1 thresholds were substantially larger). The basis for increased thresholds in AG1 relative to AG2 is unknown, but since AG1 was substantially older than AG2, one possibility is that perception during this most ambiguous motion protocol is sensitive to the integrity of the relevant sensory inputs or noncerebellar brain structures. Agedependent cerebral atrophy or reductions in utricular (Rosenhall 1973) or nonvestibular (e.g., somatosensory) signals may therefore have a more pronounced effect on Y-translation thresholds than on the other motion paradigms. Consistent with this hypothesis is the finding that perceptual thresholds for the similarly ambiguous X-axis (naso-occipital) translation, which can also reflect translation or (pitch) tilt, has been shown consistently to increase as a function of age (Kingma 2005; Roditi and Crane 2012) .
Summary and conclusions. Our results demonstrate that the cerebellum plays an important role in the identification of self-motion cues. These findings may help explain why patients with cerebellar dysfunction have difficulty navigating through space (Rondi-Reig et al. 2014) and why cerebellar ataxia patients often report that they have difficulty judging distances, since neither visual nor vestibular motion cues are extracted from neural afferents with normal efficiency when cerebellar function is impaired. More generally, our results support the contention that the cerebellum contributes to sensory processing in many realms when the behavioral goal is a discriminative rather than a motor task.
